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1. Introduction 

String theory with broken supersymmetry exhibits a variety of interesting features. 
At tree-level, the theory can develop perturbative instabilities, which are signaled by the 
presence of tachyons, i.e. particles with negative mass squared, in the perturbative spec- 
trum. The condensation of these modes is a time-dependent process driving the theory 
towards a more stable vacuum, where some amount of supersymmetry is usually restored. 
In recent years, much progress has been achieved in understanding such processes in open 
string theory (for reviews see A corresponding analysis of bulk tachyon dynamics is 

significantly more involved and a general treatment is still lacking (see, however, and 
references therein). At higher loops, an efi'ective potential is generated, which typically 
lifts some of the flat directions of the theory and produces a non-vanishing cosmological 
constant. Features like broken supersymmetry, time dependence and a non- vanishing cos- 
mological constant are expected to be standard properties of any fundamental theory of 
the real world. Hence, it is imperative to understand these and other dynamical aspects 
of supersymmetry breaking in string theory. 

In standard compactiflcations of string theory a successful resolution of the hierarchy 
problem requires that we break supersymmetry at a scale msuSY far below the string 
scale nis. Usually, when we break supersymmetry at tree-level the supersymmetry break- 
ing scale is closely tied to the compactiflcation scale rric. The Scherk-Schwarz mechanism 
is a typical example of this property. At weak Qs coupling the compactiflcation scale is 
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itself comparable to the string scale which makes it difficult to generate a large separation 
of scales between msuSY and ms Supersymmetry breaking at higher loops in per- 

turbation theory or by non-perturbative effects, such as gaugino condensation, instantons 
etc. can avoid this problem and is very attractive for phenomenological applications, but 
takes us into the realm of strong coupling dynamics and will not be discussed here. 

The simplest, and most obvious way, to obtain a small msuSY /^s ratio and a corre- 
spondingly small one- loop cosmological constant, is to start with a supersymmetric vacuum 
and continuously turn on a modulus that breaks the supersymmetry. Thus, vacua in the 
neighborhood of the supersymmetric point would exhibit an arbitrarily small breaking of 
supersymmetry. There are, however, general arguments in standard string theory com- 
pactifications that exclude this possibility. The Scherk-Schwarz supersymmetry 

breaking mechanism is again a nice example of the generic situation. Supersymmetry is 
explicitly broken at any finite compactification radius and is only restored when the radius 
becomes infinite, i.e. at infinite distance in the moduli space. 

An interesting loophole to the general arguments of the previous paragraph can be 
found in string theories that live on asymptotically linear dilaton backgrounds. These are 
typically backgrounds of the general form 

R'^"^'^ X IR^ X AT , (1.1) 

where IR'^"^'^ is the (i-dimensional Minkowski spacetime, IR,^ is a linear dilaton direction 
labeled by (j) and A/" is a compact space. The string coupling Qs vanishes at the asymptotic 
boundary ^ ^ oo and grows exponentially as we move towards smaller and smaller (p. 
With an even number of Minkowski spacetime dimensions a special class of solutions 
that preserves at least 2^+^ spacetime supersymmetries has been considered in 0. In 
these solutions (1.1) takes the form 

IR^-^'^ X IR,^ X {S^ X M)/r , (1.2) 

where Ai is the target space of a two-dimensional CFT with A/" = (2, 2) worldsheet su- 
persymmetry and r is a discrete group associated with the chiral GSO projection. String 
theory on (1.2) appears naturally in the near horizon limit of NS5-branes in type II string 



theory and defines the holographic dual of Little String Theory (LST) [|TO| , PT 



d = 2n, with n = 0, 1, • • ■ , 4. d = 8 is the ten-dimensional critical string. 
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It is important to stress that the radius of the that appears in (1.2) is not arbitrary, 
but is fixed by the GSO projection in terms of the hnear dilaton slope. Only at this special 
radius is string theory on (1.2) spacetime supersymmetric. Thus, a natural way to break 
the spacetime supersymmetry continuously (and evade the general arguments of [0,||,0) is 
to turn on the modulus that changes the radius of the The resulting moduli space 



of vacua has been studied recently in [12], following earlier work on the d = case in |13]. 

The stability properties of the vacua obtained by the above non-supersymmetric de- 
formations was one of the main issues analyzed in [|12|. In spacetimes of the form (1.1), 
there are in general two kinds of instabilities that can appear when we break the spacetime 
supersymmetry. One kind corresponds to delta function normalizable states propagating 
in the bulk of the linear dilaton throat IR,^. Henceforth, we will refer to such instabilities as 
bulk tachyons. The other kind is characterized by normalizable states localized deep inside 
the strongly coupled region of the throat. We will refer to such instabilities as localized 
tachyons. 



The analysis of [0 revealed that the stability properties of string theory in the moduli 



space of (1.2) depend crucially on the fiat spacetime dimension d and the compact manifold 
Ai. In the vicinity of the supersymmetric point and for d = 2 the theory is free of both 
bulk and localized tachyons. The same is true also for d = 3, an interesting odd d case that 
describes the near horizon region of a system of intersecting NS5-branes . For d = 4 and 
M. = 0, a, case that describes the decoupling limit of the conifold singularity, the theory 
exhibits both bulk and localized tachyons arbitrarily close to the supersymmetric point. 
Finally, for d = 6 and = or = -TTpy, the theory exhibits a localized tachyon, but 
no bulk tachyons in a finite region in the moduli space around the supersymmetric point. 

In this paper, we show that there is a larger moduli space of non-supersymmetric vacua 
around the supersymmetric theory on (1.2). In order to explain the general situation, let us 
consider the following prototypical example. For d = 6, = and Ry = Q = l/"\/2 (Ry 
is the radius of the labeled here by Y and Q is the linear dilaton slope) the background 
(1.2) preserves sixteen super symmetries and is relevant for the near- horizon dynamics of 
two parallel NS5-branes. Compactifying one of the worldvolume directions (let us call it X) 
preserves the same amount of supersymmetry and gives rise to the non-critical background 

R^'^ X X S\ X Sl^ . (1.3) 
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From the five-dimensional point of view we can write tlie spacetime supercliarges as 

Ql = i" g-f + f(H2+H3-V^y)+if (//o+Hi)^gl ^ / ^-|-i(H2+H3-V2y)+if (Ho-Hi)^ 

" / 27ri ' " J 2Txi 

(1.4) 

Ql = I ^ g-f + i(-H2+H3-x/2r)+if (-Ho+Hi)^ g2 = I ^ g- f + |(H2-H3+V2y)-zf (Hq+Hi) ^ 

(1.5) 

where a = ±, d = ± and H2,Hs are respectively the bosons bosonizing the worldsheet 
fermions (i/'^,?/'^ ) and {ip^ ^tf)^). More details on our conventions and the spacetime 
supersymmetry algebra can be found in the next section and appendix A. An additional 
equal number of spacetime supercharges (5a,Q^ (i = 1,2) arises from the right-moving 
sector. 

The two-torus 5"^ x 5"^ of the asymptotic geometry (1.3) exhibits four independent 
exactly marginal deformations (the usual two complex and two Kahler structure deforma- 
tions of the two-torus). The first is given by the worldsheet interaction j d?z dXdX and 
corresponds to the modulus that changes the compactification radius Rx- This modulus 
commutes with the spacetime supercharges (1.4), (1.5) and, as expected, does not break 
any spacetime supersymmetry. The second deformation is given by the worldsheet inter- 
action J d?z dYdY and corresponds to the modulus that changes the Sy radius i?y. This 
is precisely the deformation analyzed in [0. As we see explicitly here, this modulus does 
not commute with any of the supercharges (1.4), (1.5) and breaks the spacetime super- 
symmetry completely. The remaining two-parameter family of deformations is given by 
the (asymmetric) worldsheet interaction 

55(A+,A_) « j dh (^X+0+{z,z) + X-0-{z,z)'^ , (1.6) 

where 

0± = dXdY ±dYdX . (1.7) 

This is a modulus that turns on a constant off-diagonal component of the metric and/or a 
constant B-field. As we explain in the main text, this perturbation can be viewed as giving 
an expectation value to the corresponding bulk gauge fields, i.e. turning on an appropriate 
Wilson line. 

For general values of the deformation parameters X± with |A+| ^ |A_| the worldsheet 
interaction SS(^x+,x^) does not commute with any of the spacetime supercharges (1.4), 
(1.5) and like j d?z dYdY it breaks the spacetime supersymmetry completely. On the 



special one-dimensional submanifold \X+\ = |A_| the deformations break only half of the 
supersymmetry. For concreteness, we denote these special deformations as 

5Sx oc^ J (fz (o+ + 0_) = xj(fz dXdY , (1.8) 

5S-xOc^ j (fz {o+ - 0_) = \ j (fz dYdX . (1.9) 

dSx preserves the eight supercharges Q^, Ql, arising from the left-moving sector of the 
worldsheet, and SS^ preserves the other eight supercharges Qq, Q^^ arising from the right- 
moving sector. 

It is worth mentioning that a set of asymmetric deformations, very similar to our 
dSx, dSx above, has been considered also in the past in the context of heterotic SU(2) 



and SL{2) WZW models |jT^,|T6[. There it was argued that an appropriate asymmetric 
deformation gives rise to a line of exact conformal field theories interpolating between the 
SU(2) (or SL{2)) WZW model and the CFT that describes string propagation on the 
geometric coset S'^ (or AdS2)- 

The main purpose of this paper is to analyze the effect of the general asymmetric 
deformation (1.6) on type II string theory on spacetimes of the form (1.2). For concreteness, 
we will focus on the d = 6 case with = or = SU{2)/U{1) and will compactify one 
of the fiat spatial IR*^"^ directions, which we will call in general X. We should emphasize, 
however, that similar results can be obtained for any other d > and Ai and for asymmetric 
deformations involving any of the fiat IR*^"^'^ directions. Some of the possible extensions 
will be discussed briefiy in section 6. 

Special emphasis will be given to the stability properties of the moduli space that arises 
by turning on the asymmetric deformations. One of the striking results of our analysis is 
that, contrary to the symmetric j d'^z dYdY deformation, the asymmetric deformations 
always give non-negative contributions to the masses of the lightest modes and bulk or 
localized tachyons do not appear. This surprising feature is independent of the dimension 
d and allows us to construct tree-level stable non-supersymmetric string theories with 
asymptotic linear dilaton directions. A detailed analysis of the effect of the asymmetric 
deformations on the spectrum of the theory appears in section 2. 

Another interesting aspect of our analysis has to do with holography. As we men- 
tioned earlier, string theory on (1.2) defines the holographic dual of a (i- dimensional non- 
gravitational (and non-local) theory known as Little String Theory. Many aspects of 
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holography in this setting have been discussed in a series of papers [T^-IS]- It is known, 
in particular, how to map in the type IIB case a class of spacetime chiral primary states 
in the non-critical string description to low-energy gauge theory operators in the S-dual 
D5-brane gauge theory. It is interesting to identify the leading order effects of the asym- 
metric deformation (1.6) of the bulk theory in the dual D5-brane gauge theory. Using the 
general holographic prescription, the deformation amounts in the gauge theory to adding 
appropriate R-symmetry currents. This is explicitly verified in section 3 with a D5-brane 
probe analysis in the S-dual of the deformed non-critical string background. Furthermore, 
we will see that the results of the DBI analysis are in good agreement with the leading or- 
der spectrum deformations in section 2. A similar analysis for the symmetric deformation 
/ d'^z dYdY was performed in |T^. In addition, we find in general that the lightest modes 
in the bulk receive their first mass squared contribution at second order in the deformation 
parameter. On the D5-brane side, this implies a quadratic potential interaction, which is 
a non-chiral operator in a non-supersymmetric theory. The D5-brane probe analysis also 
reproduces this term. 

In section 4 we explore the physics of the Higgs branch of the dual LST. At the su- 
persymmetric point [i.e before the asymmetric deformation), we can regularize the strong 
coupling singularity of the backgrounds (1.2), by turning on the appropriate Af = 2 Liou- 
ville interaction on the worldsheet theory. In the language of NS5-branes this deformation 
takes us into the Higgs branch, where the NS5-branes are separated in an appropriate dou- 



ble scaling limit [jT^ . In the presence of the asymmetric deformation, the M = 2 Liouville 
interaction is irrelevant (massive) on the worldsheet and the true exactly marginal Liou- 
ville interaction is time-dependent. In section 4, we find exact supergravity backgrounds 
in the large k limit, which describe the non-trivial rotation of k parallel NS5-branes in the 
presence of the asymmetric deformation. We deduce the precise form of these rotating 
solutions with a sequence of T-dualities and boosts. Similar solutions for j d^z dYdY 
appeared in [|T2|. 

In section 5, we discuss some of the features of the one- loop backreaction problem 
for the non-supersymmetric deformations and the generation of a one-loop cosmological 
constant. We explicitly find for the deformed CHS background the leading order correction 
coming from the one-loop backreaction. In section 6, we discuss some immediate extensions 
of our work and give an overview of the larger moduli space of string theory on (1.2). We 
conclude in section 7 with a brief summary and some interesting prospects. Two appendices 
are included summarizing our notation and some facts that are useful in the main text. 
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2. Deformations of the spectrum 

In this section we define the asymmetric deformations of interest more generaUy and 
analyze their effect on the spectrum of the theory for a special class of backgrounds of the 
form (1.2) with d = 6 and Ai = SU{2)/U{1). Similar results can be obtained also in other 
dimensions and with different compact spaces Ai. Possible extensions will be discussed in 
section 6. 

2.1. Setting the stage 

A specific example of the general form (1.1) is the CHS background |2C] 

R^'^ X R,^ X SU{2)k , (2.1) 

which appears in the near horizon geometry of k parallel NS5-branes. The linear dilaton 
slope depends on the number of NS5-branes via the relation! 

Q = l/Vk. (2.2) 

For what follows, it will be convenient to single out one of the fiat directions labeled by 
X and compactify it with an arbitrary radius Rx- We will denote the remaining flat 
directions as x'^ with |U = 0, 1, ...,4. In addition, the worldsheet theory on (2.1) comprises 
of a set of free real fermions i/'^, -0^, tp'^ and the J\f = 1 supersymmetric WZW model 
SU{2)k. The latter can be written as a direct sum of the bosonic SU{2)k-2 WZW model 
and three free fermions x"^, x^. 

The CHS background (2.1) can also be recast as 

,5,1 , TO /ol., SU{2)k 



lR'''xM^x{slx-^]/T, (2.3) 



by using the well-known decomposition of the SU(2)k 

SU{2)k 



SU{2),= \^Slx-^j/X, (2.4) 

in terms of the M = 2 minimal model SU{2)k/U{l). Hence, (2.3) is a special case of the 
general solution (1.2) with Mk = SU{2)k/U{l) and T = Z/,. Notice that for /c = 2 the 
minimal model A^2 is empty and (2.3) becomes simply 

R^'^ X X ^1 . (2.5) 



^ We use the convention a' = 1 in this paper. Our notation is summarized in appendix A. 
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At the supersymmetric point, the radius of the in (2.3) is fixed by the GSO pro- 
jection to be Q or l/Q (the two are related by T-duahty). By changing this radius we 
break the spacetime supersymmetry and move away from the supersymmetric point in the 



moduh space. The properties of this deformation were analyzed extensively in |T^. The 
worldsheet modulus that is responsible for this effect can be written as 

dS = xj (fz dYdY , (2.6) 

where Y is the boson that labels the in (2.3). In the SU{2) formulation (2.1) we can 
think of Y as the boson that bosonizes the total K^°^^ current of the SU{2)k WZW model, 
i.e. 

(*°*) =Ks + x+X" = iVkdY . (2.7) 

In this expression is the Cartan current of the bosonic SU {2)^-2 current algebra. Thus, 
in the CHS geometry (2.1) we can write the deformation (2.6) as 

5S = -\ j (fz G-1/2G-1/2 x^X^ = -Q^A J (fz K^^'"'\z)K^s'°'\z) = xj(fz OYBY 

(2.8) 

where G'_i/2, are the fermionic generators of the = 1 worldsheet supersymmetry 

algebra (see appendix A). This particular current-current deformation has been discussed 
in various papers in the past pTj - P^I . From the spacetime point of view, it is a deformation 
that squashes the three-sphere transverse to the fivebranes and since it does not commute 
with the spacetime supercharges it also breaks the spacetime supersymmetry explicitly. 

In this paper, we are interested in another set of current-current deformations, which 
are left-right asymmetric and couple the parallel and transverse directions of the fivebranes 
in an interesting fashion. They have the general formll 

S^iK^^) = -^^i^ / G_i/2G_i/2 ^^X' - / d'z G_i/2G_V2 x¥^ = 



4n 

with 



^ J d^z(x+0+iz,z) + ~X-0-{z, z)) 



(2.9) 



C± = dXdY ± dYdX . (2.10) 



^ Anticipating the discussion of the next section it is convenient to label the deformation 
parameters here as \±. 
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The factor has been inserted for later convenience and the bosons X, Y satisfy the 
periodicity conditions X X + 27rRx, Y Y + 2t{Ry- As we mentioned in the intro- 
duction, for generic values of the deformation parameters A± the modulus (2.9) breaks the 
spacetime supersymmetry completely. The deformation preserves half of the spacetime 
supersymmetry when \\+\ = |A_| (see appendix A for the explicit form of the spacetime 
supercharges). Our aim in this section is to determine the effect of the deformations (2.9), 
(2.10) on the spectrum of the supersymmetric theory. 

The vertex operators that appear in (2.9) express the a;-components (^l)!^ and [Ar]'^ 
of the SU{2)L^fi bulk gauge fields (^L,i?)^ (/U = . . . 5, a = 3, ±). As a consequence, the 
asymmetric deformation (2.9) can also be written as 

S^ix^rx.)^ J d'z(X-[{AR)l-{AL)l] + ~XA{AR)l + {AL)l]) (2.11) 
and hence can be viewed as giving an expectation value to these gauge field components. 

2.2. 0(2,2) deformations of the spectrum 

Let us begin by recalling the main features of the spectrum at the supersymmetric 
point. The k = 2 case (2.5) is simpler and we review it first. In the linear dilaton geometry 
(2.5) the general vertex operator (without any string oscillators) takes the form 

y = g-(l-f )vP-(l-f ^iT.Lo^''^i + ^i^i^ ^i{pX+pX)+i{qY+qY) (^2.12) 

where a = stands for the NS sector and a = 1 for the R sector, (f is the standard (/3, 7) 
superghost of the fermionic string and Hi [i = 0,1,2,3) are four bosons bosonizing the 
eight free worldsheet fermions of the theory (more details can be found in appendix A) . 
Following the notation of we denote the general closed string sector of the theory 

by 

(a,F,a,F), (2.13) 

where a, a are the labels appearing in (2.12) and F^F are the left- and right-moving 
worldsheet fermion numbers modulo two. In the d = Q case that we study here F = 0, 1 
in the NS sector and ±^ in the Ramond sector. 

The allowed quantum numbers in the supersymmetric theory are determined by the 
chiral GSO projection [i.e. the requirement of locality of the generic vertex operator (2.12) 
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with the spacetime supercharges), the mutual locahty conditions and the physical state 
conditions. In the present case, the mutual locality condition reads 

Fia2 - F2ai - Fia2 + -^201 - \ {ciiCi2 - 0-10.2) + 2{niW2 + n2Wi) G 22 , (2.14) 

where n, w are the momentum and winding quantum numbers in the Y direction, i.e. in 
(2.12) 

n n , , 

q= — + wRY: q = — -wRy . (2.15) 

JrCy JrCy 

At the supersymmetric point Ry = Q = The allowed sectors and states can be 
found in p6|,|27|,|T2l . 



For k > 2 the analog of the general vertex operator (2.12) is 

y ^g-(l-f)^-(l-f)^ e*ELo(^*^*+^"»^») e^(pX+pX)+^(qY+qY) ^^p,x^ ^(3^ ^j + l,m,rn: (2.16) 

where ^j^i^rn,fh is a primary vertex operator of the M = 2 supersymmetric minimal model 
M.k = SU{2)k/U{l). The minimal model quantum numbers (j, m, m) can take the values 
j = 0, |, I — 1, m, m = — J — 1, —J, —j + 1, J + 1. The latter are intimately tied 
to the momentum and winding quantum numbers n, w along Y through the chiral GSO 
projection, n and w are still given by (2.15), but now Ry — Q = l/y/k and in terms of 
m, m 

q = 2Qm, q = 2Qrh . (2.17) 

Notice that the GSO projection allows for a fractional momentum quantum number n G 
Z/fc. 

The (five-dimensional) mass of the corresponding spacetime modes can be determined 
in the following manner. If we denote by h the (say, left-moving) scaling dimension of the 
generic vertex operator V in (2.16) at five-dimensional momentum = 0, we can write 
the mass-shell condition as 

/i_ Im^ = 1 =4(/i- 1) , (2.18) 

where = —p^p^ is the five-dimensional mass squared. Notice that we do not have 
to deal separately with the left- and right-moving scaling dimensions, because one of the 
physical state conditions is Lq = Lq. Hence, in order to determine the effect of the 
asymmetric deformations (2.9) on the spectrum of the theory, we need to determine how it 
affects the scaling dimensions h. For example, if we have initially a massless mode and the 
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asymmetric deformation gives Sh < 0, then a tachyon will appear in the deformed theory. 
This tachyon will be a localized tachyon if the quantum number (3 in (2.16) is real, or a 
bulk tachyon if (3 = + is, s G IR. 

Determining the effect of the asymmetric deformations on the scaling dimensions h 
is a straightforward exercise, because the general deformation (2.9) acts only on the free 
(X, Y) part the worldsheet theory. Then, essentially we have to find the scaling dimensions 
of the vertex operators 

(2.19) 



^i{pX+pX)+i{qY+qY) 



under a general 0(2, 2) deformation of the orthogonal torus Sj^ x Sy. A general expression 
for these scaling dimensions is known. 

Consider the general two-torus with metric and S-field 



ds'^ = Gxxdx^ + Gyydy^ + 2Gj:ydxdy , B = B^^ydx A dy . 



(2.20) 



where X = Rxx, Y = RyV- It is convenient to arrange the four real data G^x, Gyy, Gj:y, 
Bxy in two complex parameters p and r in the following manner 



T = Ti + iT2 



G 



xy 



G 



+ i 



G 



yy 



r ' 

^yy 



p = Pi + ip2 = B^y + iVC 



[2.21) 



(2.22) 



where G = G^xGyy — C^^. The (left, right) scaling dimensions (/i, h) of a vertex operator 
with momenta Ux^Uy and windings Wx, Wy are in this background given by the following 
compact formulae (see e.g. [p8| ) 



h 



h 



1 



4p2r2 
1 



4p2r2 



{Ux - TUy) - p{Wy + TW^ 



{Ux - TUy) - p{Wy + TWx) 



For the deformation (2.9) of the diagonal torus we have 



(2.23) 
(2.24) 



Gxx — Rx , Gyy — Ry , Gxy — X+RxRy , Bxy — X-RxRy , 



(2.25) 



or 



Rx 

R^ 



X+ + i\ 1 



p = RxRy[X- X 



(2.26) 
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Rx is arbitrary and Ry = Q- The latter has been fixed by the GSO projection at the 
supersymmetric point. By setting 



n 



Pn = ^ , Pw = w^Rx 



Rx 



Ry 



w.,R 



(2.27) 



ylty 



we find for the scahng dimensions {h, h) the following expressions 
1 



h=- 



h = 



8(1 + A+) 
1 

8(1 -A+) 
1 



+ 9n + (1 + A+ + X-)pw + (l + A+ - X-)qnj^ + 

^ ^ _ _ -|2 

- 9n + (l - A+ - A_)piy - (l - A+ + A_)q'u,J , 



(2.28) 



+ gn - (l + A+ - A_)p«, - (l + A+ + A_)g^ + 

8(1 + A+) 

- gn - (l - A+ + X-)pyj + (l - A+ - A_)g, 



(2.29) 



8(1 - A+) 

It follows that the difference h — h = PnPw + QnQw is A±-independent, so the physical state 
condition Lq = Lq will continue to hold after the deformation, if we impose it from the 
beginning. 

In general, the scaling dimensions (2.28), (2.29) will become infinite at the boundary 
values A-i- = ±1 and the deformation terminates there. The existence of a boundary value 
is an artifact of the particular parametrization of the moduli space that we are using. We 
will encounter these boundary values again in the next section, where we derive the effect 
of the asymmetric deformations on the CHS geometry (2.1). The moduli of asymmetric 
deformations is summarized in Figure 1. 

The lightest modes of the theory have vanishing momentum and winding in the flat 
direction X. Some of these modes are actually massless at the supersymmetric point and 
as an important check of stability we need to verify how these masses are shifted by the 
supersymmetry breaking deformation. Setting = = in (2.28), (2.29) we find 



^ = ^0 + ^ ~3 ^ {x+qn + X-q^^ , 



(2.30) 



where ho is the undeformed scaling dimension. Hence, we see that the mass squared of 
these modes receives always a non-negative contribution and that no bulk or localized 
tachyons are generated after the deformation. It is also interesting to note that the leading 
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order deformation of the scaling dimensions appears in general at second order in the 
deformation parameters and that a positive mass shift occurs also for the supersymmetric 
deformations |A_|_| = |A_|. 




1,=-] 



Figure 1. The (A_, A-(-) plane of asymmetric deformations. The shaded region 
represents the allowed deformations. The generic point in this moduli space is a non- 
super symmetric theory. The blue and red lines represent the deformations with |A-(-| = 
I A- 1 that preserve half of the spacetime super symmetry. The point at the center repre- 
sents the undeformed type II theory with sixteen supercharges. 



It is instructive to compute the small A-j- expansion of the scaling dimensions (2.28), 
(2.29) with generic values for the X momenta. Expanding the general result up to second 
order in the deformation parameters we find 



h = ho + ^{pwqv 
1 



Pnqn) + ^{Pwqn " qwPn) + 



+ 



A+ {pI + ql) + X'i {pI + ql) - 2A+A_ {p^Pn - qwqn 



[2.31) 



As a further check, we have verified this formula with an explicit computation of two- 
point functions in the perturbed theory. In the next section, we will discuss the effects of 
the deformation in the low-energy limit of the dual LST by performing a D5-brane probe 
analysis in the S-dual of the deformed CHS solution. We will find good agreement with 
(2.31), thus achieving a non-trivial test of holography in a non-supersymmetric context. 

As a final comment on the stability of the deformed theories notice that the masses of 
the modes with non- vanishing Pn,Pw momenta can be shifted up or down. This is already 
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clear at the leading linear order in (2.31). Hence one might worry that under a finite 
deformation such a mode, although initially massive, can come down enough to become a 
tachyon. For example, this may happen if the difference 

5h = hCX+,~X-)\ ^ -M0,0)| _o (2.32) 

is sufficiently negative. We have verified that 5/i > for modes with vanishing winding 
= 0. In the more general case, we have not been able to verify conclusively if a tachyon 
appears after a finite deformation or not. Certainly, such a tachyon cannot appear for the 
special deformations |A_(_| = |A_| that preserve half of the original supersymmetry. 



3. Asymmetric deformations of the holographic dual 

As we mentioned earlier, the asymptotically linear dilaton theories (1.2) appear nat- 
urally in the near-horizon region of NS5-brane configurations and provide the holographic 
dual of the non-gravitational Little String Theory that lives on the fivebranes. For the spe- 
cial case (2.1), the appropriate configuration consists of k coincident parallel NS5-branes 
that live deep inside the strongly coupled region of the throat. In the type IIB case, the 
low-energy dynamics of this strongly coupled system is captured by the six-dimensional 
N = 1 SU{k) super- Yang Mills (SYM) theory that lives on the S-dual configuration of 
k parallel D5-branes. As in the usual AdS/CFT correspondence, many aspects of this 
holographic relation between bulk and boundary data are known |1T7| - |T9[] . There is, in 



particular, a well-established dictionary between spacetime chiral primary operators in the 
dual low energy SYM theory and corresponding observables in the non-critical superstring 
on (2.1). In this section, we analyze the effect of the non-supersymmetric deformation 
on the dual low energy gauge theory with a D5-brane probe analysis in the S-dual of the 
deformed CHS solution. We work in the large k limit where the spacetime curvatures are 
small. For completeness, we give here the relevant part of the type IIB supergravity action 
(in the string frame) 

5nB = ^ / Av/=^[e-^*(i? + 4(a$)^ - - ^G^] (3.1) 

10 'J 

where -F3 and G3 are the NSNS and RR three-form field strengths respectively. 
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3.1. A D5-brane probe analysis 

The CHS background of k parallel NS5-branes has the formS 

ds^ = dx?, + dx"^ + #^ + ki^de"^ + sin^ 9d(t)\ + cos^ Odcfl) , 

" (3.2) 
B = k cos^ 9d(j)i A #2 , 9s = e~^'^^ , 

where < 6 < §, < (^i, ^2 < 27r and Q = 1/Vk. dx"^^ is the metric element for the 
five worldvolume directions x'^, /i = 0, 1, 4. We have singled out the sixth worldvolume 
direction a; ~ x + 2nRx, which will take part in the deformation. 

With a T-duality transformation along the 4'2 direction we obtain the equivalent 
backgrounds 

ds^ = dxl + dx'^ + + kide'^ + + 2d(f)id(f)2 + , ^ , B = (3.3) 
II kcos^O 

and the appropriate dilaton. By defining the new coordinates 

4.,=4.. + ^, *2 = | (3.4) 

we can recast (3.3) as 

ds^ = dx^ + dx^ + d(j)'^ + k{de^ + d4)j + tan^ ed<pl) , B = 0. (3.5) 
Notice that the new variables ((^1,(^2) are identified under 

((/>!, (/>2) ~ + -^,(/>2 + -^) . (3.6) 

The resulting background is none other than 

IR'''x^^x(^^,x^^)/2^' (3-7) 

which is the natural frame for the deformations (2.9) written in terms of the bosons X, Y. 
In terms of the variables x, used above we have the identification^ 

x = X, k = ^ (3.8) 



^ With a' reinstated 5^ = e-2Q</>/°'. 

^ For convenience, we have summarized the general Buscher rules of T-duality in appendix B. 
^ Note that the x used here is not the same as the x appearing in (2.20) . 
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The X+Oj^ + X-O- deformation takes the following form in the frame of (3.5)0 

(3.9) 



ds^ =dx'^ + k{de^ + d4>j + tan^ edcpj) + 2X+dxd(pl 
B = X- dx A d(f)i . 



Using the identification (3.8) and comparing with (2.25) we deduce the relation 

A± = A± (3.10) 

between the deformation parameter X± used above and X± used in section 2. 
Going back to the (^i, ^2) coordinate system we find 



ds'^ =dx'^ + k{d9'^ + d(j)\) + 2d(f)id(j)2 + ^ #2 + 2X+dx(d4)i + 

rC COS u \ 

B ^ X- dxA [d(j)i + ^ 



J2 



(3.11) 



T-dualizing back along (f)2-, using the general rules of appendix B, we get the final form of 
the deformed near-horizon NS5-brane background 

ds'^ =dxf| + (1 + ~ ^ ^ cos^ ^ j dx'^ + d(p'^ + k {dO^ + sin^ Odcpf + cos^ Odcpj) + 
+ 2A_|_ sin^ 9dxd(f)i + 2A_ cos^ 6dxd(l)2 



B = k cos^ Odcpi A #2 + A_ sin"' 6dx A dcpi + A+ cos"' 6dx A (i(^2 , (3.13) 

i2 



S,^ = e-^« 1-^ . (3.14) 



This solution, which is exact in the deformation parameters X±, exhibits a quadratic 
contribution to the dx'^ part of the metric and the dilaton. The quadratic contribution to 
the metric vanishes when A^ = , which is the case of the half supersymmetry preserving 
deformations. For the non-supersymmetric deformations the determinant of the metric 
vanishes identically at the boundary values A+ = ±^/k. Using the relation (3.10), we see 
that these are precisely the boundary values for A_|_ that we found in the previous section, 
when we computed the scaling dimensions. 



''' In what follows, we momentarily omit the trivial + dcf)'^ part of the metric, which does 
not participate in the deformation. 
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The S-dual D5-brane background corresponding to (3.12) - (3.14) reads 
A2 - A^. 



ds = gs 



dxf^ + (l + ~ f. ^ ^^^^ ^) + + ^(^^^ + ^^^^ + ^^^^ ^d(f)l) + 
+ 2A+ sin^ ddxd(j)i + 2A_ cos^ edxd(j)2 



(3.15) 

Gs = 2 cos 6* sin 6'( - A;c?(/)i A #2 A ^6* + A_da; A d0i hdO- X+dx A d02 A dO) , (3.16) 
with 



and G3 = dC2 the RR thrcc-form field strength of the S-dual C2-field. 

The D5-branes couple electrically to the Hodge-dual of G3. This is a seven-form 
G7 = *Gz with components 

^ij,i---i^r \ yy y y ^ p\p2p3^j^\i^2i'?,i^i---i^7 

(3.18) 

In our case the non-vanishing components of this tensor are Goi234a;<^) Goi234<^i<^, Gqi2Z4.cI)24>- 
Only the first will play a role in the DBI analysis and by straightforward computation we 
find 

G'oi234.<^ = -2ge2Q<^(l - ^)"'. (3.19) 
The corresponding potential component is 



Coi234. = -e^^^(l-^)~' 



All the pieces are now in place to proceed with the DBI analysis of a D5-brane that 
moves in the background (3.15) - (3.17). The DBI-I-WZ action (up to overall normalization) 
of the D5-branes is 

<Sd5 = j cJ'e J^/-dei{GAB + FAB)+ j c^'C Ce , (3.21) 
where {A,B = 0,1, •••5) are the worldvolume directions, 

Gab - 9f^i^-Q^-Q^ (3.22) 
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is the induced metric and Fab the gauge field on the D5-brane. We will use the static 
gauge 

X« = r, a = 0,l,---,4, x = e (3.23) 

and assume that the transverse coordinates 0, 6 are ^-independent. The coordinates 0i 
and 02 will depend in principle on Hence, the induced metric components are 

Gab = Qs (vab + ^sin^ 9da(j)\dh(j)i + fccos^ dda(f)2db(t>2^ , (3.24) 

Gxx=9s('i- + — -cos^ e + ksiv? e{d:,(t)iY + kcos'^ e{dx(j)2) + 

^ k (3.25) 

+2A+ sin^ 6*9^01 + 2A_ cos^ 6'a^02) , 

Gxa = Qs {k svo? 9dx<j)ida<pi + k cos^ 9dx<p2da(p2 + A+ sin^ 6'aa0i + A- cos^ 9da4>2^ , (3.26) 
with a, 6 = 0, 1, • • • , 4. The WZ term in (3.21) is 

j ci'e Ce = j d^x^dx Coi234x • (3.27) 

For simplicity, let us set Fab = and drop the kinetic and friction terms, i.e. those 
terms that involve a;"-derivatives (a = 0, 1, • • • , 4). Then, up to leading order in A±, we 
find the D5-brane Lagrangian 



^D5 — -^05 



A+ sin^ 9dx4>i + A_ cos^ 0dx4>2 onj. . > 9 n 
+ + =6^^*^ + C(A|) . (3.28) 

^±=° y 1 + fcsin^ ^(a^0i)^ + A;cos2 d{dx(f>2f 



The six-dimensional super Yang-Mills theory that lives on the D5-branes has four 
scalar fields in the adjoint of the gauge group. Before the deformation, the theory has a 
moduli space parametrized by the vacuum expectation values of these scalar fields, which 
simply encode the positions of the fivebranes in the four transverse directions. Let us 
combine the four scalar fields into two complex fields 

A = xe + ix7 , B = xg + ixQ . (3.29) 

In the CHS geometry (3.2), A and B take the form 

A = yjke^'^ cos Qe''^'' , B = y/ke^'^ sin Qe'^^ . (3.30) 
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With the use of (3.30) we can recast (3.28) into the more suggestive form 

Cm=CB5 -J , ^ " ^ + 0(A^). (3.31) 

^±=° ^ ^i + e-2Q<A(|a^A|2 + |a,s|2) 

Furthermore, at sufficiently low energies E <^ we can expand the square root in the 
denominator in powers of dxA and d^B. The leading order expansion gives 



jC-D5 — jCd5 



- UX-A*dxA + X+B*dxB) . (3.32) 
A±=o k ^ 



As we will show in subsection 3.2, this result can be understood directly from the holo- 
graphic prescription. First we show that the expression (3.32) is in perfect agreement with 
the perturbative expansion of the scaling dimensions (2.31) in the bulk. 
Using the Fourier expansion of the Higgs fields A and B 

A=J2 ^nC"''"^/-^^ ' ^ = 5Z ^nC"'"^/-^^ (3.33) 

we can rewrite (3.32) in six dimensions as 

Cb5^Cb5 V ^(A_|A„|2 + A+|S„|') . (3.34) 

Taking into account the normalization of the kinetic terms, this result yields the mass 
shifts 

2n In 
5M\A^) = -—^X- , 5M^{B^) = -— . (3.35) 
Kxk Kxk 

At the same time, we know from the bulk calculation (2.31) that a general mode with 
Pw = and Pn = will exhibit the leading order mass shift§ 

5Ml = -—(X+q^ + X-q^). (3.36) 



Rx 

As explained in the U{1)a x U{1)b rotation symmetries of the A, B planes are em- 
bedded in the SU{2)l x SU(2)fi symmetry of the CHS background in the following way. 
The generator of U{1)a can be taken as K^^°^^ — K^"^\ and the generator of U{1)b as 
j^{iot) _^ ^^*°*) fpj^g corresponding charges can be normalized so that 

(Ki'"'^ + Ri'"'^) (A) = , (Ki'"'^ - Ki'"'A{A) = 1 , 

(3 37) 

^{tot) ^ ^itot)\ ^B) = l^ [K'i"'^ - K'i°'A{B) = . 



We set pu, = here, because the DBI action only captures field theory effects. 
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As a result, single-trace gauge theory operators of the form tr(^^), tr(5^) correspond 
respectively to the string theory winding and momentum J\f = 2 Liouville-type Kaluza 
Klein vertex operators 

Applying the formula (3.36) to these modes and taking into account the redefinition (3.10) 
we find the mass shifts 

2n 2n 
5M\VA) = —^X-k , 6M\VB)^—^X+k , (3.39) 

which are fully consistent with the DBI result (3.35). 

In addition, the bulk computation of scaling dimensions predicts a second order mass 
shift, which is not expected a priori to appear in the same form in the dual gauge theory. 
For the lowest Kaluza-Klein modes {pn = = 0) the mass shift predicted by (2.31) (see 
also (2.30)) is 

SM'^ = (X+Qn + ~X-qni) . (3.40) 

Applying this formula to the vertex operators (3.38) (with Kaluza Klein momentum n = 0), 
we find a result that, up to a factor of k, implies in gauge theory the positive mass squared 
perturbation 

(3.41) 

This result can also be reproduced from the DBI analysis. Indeed, the potential that 
follows from the action (3.21) is 



i^D5 — e 



e 



■ ^" ^"V(!^(Ai) = |,|AP + §|i?P + (!^(Ai) 



sin^ 6* + — ^ cos^ e 
2k 2k 



(3.42) 



The zeroth order potential is vanishing as expected by supersymmetry at the supersym- 
metric point, but the next order contribution is quadratic and agrees with the bulk expec- 
tation (3.41). As we discuss in the next subsection, this is a rather non-trivial check of the 
holographic duality in this non-supersymmetric context. 
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3.2. Discussion 

According to the general bulk-boundary correspondence the bulk gauge fields {Al,r)1i 
(see above (2.11)) correspond in the dual non-gravitational theory to a set of global Noether 
currents. As a result, the asymmetric bulk deformation (2.11) maps on the gauge theory 
(fivebrane) side to the Lagrangian deformationi 

5/:D5 0cA_(Jfl- JL) + A+(Jfl + Jl) , (3.43) 

where Jl,r are the ^7(1)^,^; R-symmetry currents^ 



Jr = '-{A*d^A - d^A*A) + '-{B*d^B - d,B*B) , 
Jl = -'-{A*d^A - d,A*A) + '-{B*d,B - d^B*B) 



(3.44) 



As stated earlied, (3.43), (3.44) reproduce the last part in (3.32). 

An alternative way to understand this result relies on the use of the correspondence 
between states in the CHS geometry (2.1) and chiral primary operators in the dual low 



energy SYM theory, studied in [ p!7| , p!9| . According to the general dictionary, the worldsheet 



vertex operator dYdY is dual to the symmetric traceless operator 

ix{A*A-B*B) . (3.45) 

When we add this operator to the SYM Lagrangian, one of the complex Higgs fields 
becomes massive and the other tachyonic. 

One can show that the asymmetric deformations J (Pz 0± belong to the same super- 
symmetry multiplet as j dP'z dYdY . Indeed, observe that 

QlQ\ ■ dY = J\qIQ\ ■ dH, = --^e-+^^^ , 

^ ^ ^ (3.46) 

Q\Q\ ■ dY = {{q\Q\ ■ OH, = -^e---^^^ . 

Qa^Qdi = l'^, a, a = ±) are spacetime supercharges and if2,-ff4 are bosons that 
bosonize the appropriate worldsheet fermions (see appendix A for a complete list of our 

^ We thank David Kutasov for pointing this out to us. 
In these expressions we set the fermions to zero. 
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conventions and the explicit form of the spacetime supercharges). Therefore, the vertex 
operator 

e-'P^^ = -l=e-'^{e'^' + e''^^) , (3.47) 
v2 

which is the (-l)-picture version of dX^ can be rewritten as 

e-'^V^ = iV2k{QlQX + QlQl) ■ dY . (3.48) 
In a similar fashion for the right-movers, one can show that 

e-'^i;^ = iV2k{QlQl + (5^0+) • dY . (3.49) 

Combining these results and using the equivalence between the (— l)-picture and 0-picture 
vertex operators, we deduce for 0± (see eq. (2.10)) 

0± = iV2k {qIQ\ + QlQl ± {QlQ\ + QXQD) ■ OYBY . (3.50) 

Finally, by using the correspondence between the vertex operator dYdY and the gauge 
theory operator (3.45) we find that the gauge theory dual of 0± is the descendant 

i{QlQ\. + QlQl ± (QlQl + Q+Q+))tr(^*^ - b*b) . (3.51) 

Besides terms involving fermions, (3.51) includes the gauge theory operators 

tT{A*da,A) and tT{B*da,B) , (3.52) 

thus verifying the results arising from the DBI analysis (3.32) and the scaling dimension 
analysis (2.31) at leading order in the deformation parameters X±. 

At second order in the deformation, both the bulk analysis (2.31) and the DBI analysis 
(3.41) suggest that we should add to the gauge theory Lagrangian the single trace operator 

XHi{A*A) + Xlti{B*B) . (3.53) 

This operator is symmetric, but not traceless. As a non-chiral primary operator in a non- 
supersymmetric theory, it is not a priori expected to appear simultaneously on both sides 
of the duality, especially beyond the leading order of the deformation. Here we find that 
it does. 
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4. Supergravity description of rotating fivebranes 

So far we have discussed the effect of the asymmetric deformations (2.9) on the asymp- 
totic CHS background (2.1). Because of the linear dilaton, this background exhibits a 
strong couphng singularity at — > — oo. This singularity can be resolved by adding to the 
worldsheet Lagrangian the M = 2 Liouville interaction, which in superfield notation is 



5S 



li j cPzcfe 6-^^'^+^''^ + c.c. (4.1) 



An alternative way to resolve the singularity is to replace the IR^ x 5"^ part of the geometry 
(2.3) with the Af = 2 Kazama-Suzuki supercoset SL{2)k/U{l) at level k = a'/Q'^. 
The target space of this conformal field theory has a cigar-shaped geometry and provides 
a geometric cut-off to the strong coupling singularity. 

The M = 2 Liouville theory (4.1) and the M = 2 Kazama-Suzuki model are known 
to be equivalent by mirror symmetry . In terms of NS5-branes both deformations take 
us into the Higgs branch of the theory, where the NS5-branes are separated symmetrically 
along a circle in the transverse space in an appropriate double scaling limit [|T8| . 

In the presence of the asymmetric deformations (2.9) the M = 2 Liouville potential 
(4.1) is an irrelevant interaction on the worldsheet. The moduli space of the fivebranes has 
been lifted and k parallel NS5-branes at arbitrary positions do not any longer constitute 
a static configuration. On the worldsheet, a generic configuration will be captured by a 
time-dependent interaction. A natural guess is 



6S = ^J (fz(f9e'^'-^^'^+'^^ + c.c. (4.2) 



This is classically marginal when the frequency uj is 
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Interestingly, this expression is A --independent. Notice that by defining a new boson y 
via the relation 

1, = -.t + If (4.4) 

we can recast (4.2) as the usual M = 2 Liouville interaction 

5S = ^i j (fzd''ee-^^'^+'y^ + c.c. (4.5) 
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The new boson y is canonically normalized provided that 



dY{z)dY{0) ~ - ^ log z (4.6) 
1 — A 



+ 



in the presence of the asymmetric deformation (2.9). We have verified this OPE explicitly 
for the case of generic A-(- and A_ = 0. Thus, we have a strong indication that the 
time-dependent deformation (4.2) is actually exactly marginal. In spacetime it describes a 
circular array of fivebranes rotating with constant angular velocity in the presence of the 
deformation (2.9). 

It is interesting to ask if there is a corresponding description of rotating fivebranes in 
the language of a deformed J\f = 2 Kazama- Suzuki supercoset SL{2)k/U{l). In the rest 
of this section, we will address this problem in the limit of large k, where the spacetime 
curvature is everywhere small and we can use a supergravity description. 

Before the asymmetric deformation (2.9) the Kazama-Suzuki resolution of the back- 
ground (2.3) is given by the exact conformal field theory 

The string frame metric, S-field and dilaton for this solution are 

ds'^ = dxfi + dx'^ + k[dp^ + tanh^ pd(i)\ + dO"^ + tan^ Odcjil) , (4.8) 

5 = 0, 9l = 7^ 2- ■ (4-9) 

k cos^ 6'cosh p 

At p — ^ oo this background asymptotes to (3.5). Before proceeding any further, we should 
raise the following word of caution. The supergravity solution (4.8), (4.9) belongs to a 



well-known list of examples |]33| - |35[| where the underlying theory is expected to be super- 
symmetric, because of extended worldsheet supersymmetry, but the supergravity solution 
is manifestly not supersymmetric. For that reason, it was argued in |3^] that the super- 



gravity solution (4.8), (4.9) is not the correct low-energy effective description of (4.7). The 
correct description is the T-dual background, which asymptotes to the CHS solution (2.1) 
and is manifestly supersymmetric. Having said this, our strategy in the ensuing will be 
the following. We start by analyzing the effects of the asymmetric deformations (2.9) on 
(4.8), (4.9) and then after a series of manipulations we T-dualize to a background that 
asymptotes to the deformed CHS solution. As we will see, this approach gives results 
which are in qualitative agreement with the picture implied by the analysis of the previous 
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sections. A similar approach for the case of the J d?z dYdY deformation was adopted in 

As we showed in the previous section, the asymptotic form of the X+Oj^ + X-O- 
deformation of (4.8), (4.9) is0 

ds^ = -{dx^Y + rfx^ + k{dp^ + de"^ + + tan^ ^#^) + 2A+dx#i , (4.10) 

B = X.dxA #1 , gl = ^^e-^P (^^^y . (4.II) 

For pedagogical reasons, in this section we will focus on the O- deformation, i.e. we will set 
A_(_ = and A_ = A. This simple case is rather instructive and captures the basic features 
of the generic situation. More comments on the general X± deformation will appear at the 
end of this section. 

It is convenient to T-dualize the asymptotic solution (4.10), (4.11) along the direction 
(pi. For A-i- = we get 

/ \2\ \ 1 

ds^ = -(rfx°)2 + [1 + —\dx^ + 2-dxd^i + k{dp^ + dO"^ + tan^ Qd^l) + -d^l , (4.12) 

The T-duality has allowed us to convert the non-zero S-field to an off-diagonal component 
of the metric. Then we can diagonalize the metric by using the coordinate transformation 



to obtain 

A^\ A ~ 1 ~ 

1 + — ]dx'^ + 2-dxd(t)i + -d(t)\ = a+dX"^ + (4.15) 
k J k k 

where we have defined 



Finally, it will be useful to define the new time coordinate t as 



t = ^— , (4.17) 



In this section we explicitly include the (dx°)'^ part of the metric in our formulae, because 
time will play a crucial role in what follows. The remaining four worldvolume coordinates do not 
participate in our manipulations and will be left implicit. 
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and perform the boost0 



$new = C$ + 5t, tnew=Ct + 5$, C'-S^ = l. (4.18) 

For now the boost parameter C is an arbitrary number. It wiU be fixed uniquely in what 
foUows by requiring that we get a regular background without conical singularities. In the 
new coordinates the background (4.12), (4.13) takes the form 

ds'^ = -a-dtl^^ + aj^dX"^ + a.rf^^ew + Kdp^ + d^'^ + tan^ 6'd(^|) , (4.19) 

i? = 0, g^^ = —^e-^<^. (4.20) 
k cos^ V 

We deform this solution in the following way 

ds'^ = - a-dtl^^ + ^(coth^ p + l){a+dX^ + a_d$2^^)- 



(4.21) 



5 = 0, 9! = - ... ^2 ■ (4-22) 



^ ^ " c^X(/$new + A;(rfp^ + + tan^ ^#^) , 
sinh p 

/c cos^ ^sinh p 



This background is special, because 

(a) It is an exact solution of the lowest order a' equations of motion. To verify this 
property perform the change of coordinates 

v/a^X = -^(y + z) , yoT^new = ;^(y -2) (4.23) 

to obtain 



kdp'^ + -(coth^ p + l){a+dX'^ + a-d^l^„) - '^'^+^ dXd^ne^^ = 

2 sinh p (4.24) 

— dy^ + coth^ pdz"^ + kdp^ . 

This is the well-known trumpet solution, which describes the U{1) vector gauging of 
5L(2,1R). 

(6) At p — > 00 eqs. (4.21) and (4.22) reduce respectively to (4.19), (4.20) as required. 



In (4.15) X and $ appear on equal footing. Hence, we could equally well perform the boost 
on the (x°,X) plane. The meaning of this choice will be clarified below. 
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(c) For A = (and C = 1,S = 0), we will see in a moment that after the appropriate 
manipulations (4.21), (4.22) give rise to the anticipated cigar deformation (4.8) of the 
asymptotic geometry (3.5). 

The next step is to re-express (4.21), (4.22) in terms of the original coordinates (x, 4>i) 
using (4.18), (4.14). With straightforward algebra we find the metric 



ds^= (1 + 



k 



1 + 



{■s/a+ — Ja-Cy 



4sinh^p 



1 + 



(y^+ .JaZCy 
4sinh^p 



1 A2 



Ct-i- — ct_ + 



2sinh^p 



dxd(f)i 



+ 



S 



\/2sinh^/ 



Q!_ 



2sinh p 



, A2 , X , , S 

1 + — C ct- — Ja^a- dxdt ^= ^ 



dt^ + k{dp^ + de"^ + tan^ Od^l) 



Ca- + ^OL^OL- jdtdcj)! 



(4.25) 

The S-field and dilaton are still given by (4.22). This solution has a strong curvature and 
Qs coupling singularity at p — 0, but soon we will T-dualize to a regular background. 

As a trivial check, notice that when A = (and C = 1, 5 = 0) we have a+ = a- = 1 
and the metric (4.25) becomes 

1 
k 



ds^ = -dt^ + dx^ + f coth^ pd4)l + k{dp^ + dO'^ + tan^ Odcfil) , (4.26) 



which can be T-dualized back along to obtain the cigar geometry 

ds'^ = -dt^ + dx'^ + k{dp^ + tanh^ pd^l + dO'^ + tan^ Od^yl) . (4.27) 

This is precisely the deformation we wanted to obtain (see eq. (4.8)). 

Next, we T-dualize (4.25) along the direction 0i. This gives rise to a background of 
the form 



r,s 



r<Pi s<i>i 

Gi 1 



dx'^dx^ + 



1 



-d4>l + k{dp^ + dd'^ + tan^ Od^l) , (4.28) 



G. 



Gi 1 



dx^ A d4>i , 



(4.29) 



and the corresponding dilaton is gi = fccos^ esinh^p detc"^! • these expressions (and below) 
the indices r, s correspond to x, t and Gij are the metric components of (4.25). Note that in 
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comparison to the original cigar background (4.8), (4.9), additional electric and magnetic 
field components have been turned on. 

We now argue that this background is regular. A possible singularity can occur at 
p = 0. Expanding all the components around p = we find that a possible ^ divergence 

of the coefficients of dx'^,dt'^,dxdt vanishes automatically (for any value of C) and hence 
that the background is indeed regular. The string coupling Qs is also finite and bounded 
from above everywhere. For the metric coefficient of d(pi we find 



1 



(4.30) 



In order to avoid a conical singularity we have to set 



{y/a^ + C y/aZy 



(4.31) 



Using the definitions (4.16), this fixes the boost parameter C to 



C 



2-J1 + 



1-i 



1+^ 



(4.32) 



Notice that by definition the boost parameter C has to be greater than one. This is true 
for (4.32) only if A > 0. If A < 0, we simply repeat the above analysis with a boost on the 
{t,X) (instead of (t, $)) plane. 

By changing back to the coordinates ((/>!, (^2) and a further T-duality along (f)2 we can 
obtain the background of (!?_-deformed rotating NS5-branes in the language of the original 
CHS throat. After the change of coordinates 0i = 0i + 02 = x ^® 



E 



G: 



dx^'dx^ + 



Gi 1 
<pi<pi 



+ k{dp^ + dO"^) + 



1 1 2/, 



kG- 



-d(j)id(j)2-\- 



(4.33) 



with g1 unchanged. 



B = Y^ 3^dx^ A 



G^ ^ 



n + -d(f)2 



(4.34) 
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A further T-duality transformation along the direction ^2 gives rise to our final ro- 
tating NS5-brane background, with metric 



ds'^ = {dx^f + J2 gc.pdx^'dx'^ + k{dp^ + de^) , (4.35) 

/x=l,2,3,4 a,/3=x,t,0i,</)2 

G iG ;i / i\ kG ^ 

9rs = Grs - 1 - ^ , 9r,. = , (4-36) 

1 / 1 \ k'^GT, 7 

, 9^.^. = ^^: (4.37) 



*^0i<^i V y, 

9r4>i = 94>i4>2 = : (4-38) 

and S-field components 

Br<t,^ = yr-^ (^^ ' ^^i<p2 = r ' (4.39) 

%<^i \ yJ y 

Brs = Br^, = . (4.40) 

In these expressions Gij refer to the metric components of (4.25), with a± given by (4.16) 
and C fixed by the regularity constraint (4.32). The indices r, s correspond to x,t and we 
have defined the auxiliary function 

^^l + fctan^^G^,^^ • (4.41) 

Finally, the string coupling of the resulting background is given by the formula 

^' = . * ^ . (4.42) 

cos2 6'smh p detG 

where detgr is the determinant of the 4x4 part of the new (/-metric along the directions 
x, (^1, t, (f)2 and detG is the determinant of the corresponding 4x4 part of the G-metric in 
(4.25) along the directions x, (/>!, t, (^2- 

We observe that the final background has vanishing metric component gtfp^ , but non- 
vanishing gt(f,2- This suggests (see (3.30)) that the above solution describes a bunch of 
fivebranes rotating in the A plane in agreement with the scaling dimension analysis of 
section 2 and the DBI effective action analysis of section 3 that suggest a massive defor- 
mation for the Higgs field A, but nothing of the sort for B. An analogous rotating solution 
in supergravity was obtained in |jT^ for the J d'^z dYdY deformation (see (A. 27) in ||12|| ). 
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Another interesting property of the rotating solution in the presence of the (9_ deformation 
are the non-vanishing g^t and gx(t>2 components, which couple the worldvolume directions 
of the fivebranes to the transverse directions. 

Analogous results can be obtained with the use of similar methods (a combination of 
coordinate transformations, boosts and T-dualities) for the more general + A_0_ 

deformation. In particular, for the special case of A_ = and A-(- generic we find a regular 
solution that has vanishing component gttf,2 and non- vanishing fift^^. Again in agreement 
with the analysis of sections 2 and 3, this describes a bunch of fivebranes rotating in the B 
plane. For generic non-vanishing deformation parameters X± both ^^^^ and gtff)^ are non- 
vanishing and the more involved solution describes rotation in both the A and B planes. 
For example, this is the case of the half-supersymmetry preserving deformations that have 
|A+| = |A_|. 

5. Backreaction at one-loop and the cosmological constant 

From the above analysis we learn that the worldsheet interactions (2.9) are exactly 
marginal deformations of type II string theory on the CHS solution (2.1) that break, in 
general, the spacetime supersymmetry completely. In the large k limit, supergravity is 
valid and the corresponding statement is the following. The type II supergravity action 
(3.1) has a manifold of solutions parametrized by the deformation parameters X±. On 
this manifold the generic solution is non-supersymmetric. The two special lines defined by 
the equation |A+| = |A_| are the only exception to this statement. On these lines eight 
super symmetries are restored. 

In the previous sections, we gave an explicit construction of these solutions at all 
orders in the deformation parameters. We also found rotating geometries where the string 
coupling gs is a finite tunable parameter that can be chosen as small as we like. 

Everything in the above discussion has been at tree-level. Once we break supersym- 
metry, interesting new effects can arise at-one loop. Since there is no exact cancellation 
between bosons and fermions any longer, the theory will generate a non- vanishing one-loop 
contribution that appears in the low-energy effective action (3.1) as a cosmological constant 
term Z(A_, A+). This term can have a non-trivial effect, especially in the case of coinci- 
dent fivebranes, where a strong coupling singularity develops deep inside the throat. Even 
then, however, the effect will be less drastic and under control in the asymptotic weakly 
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coupled region. In the Higgs branch, where the strong couphng problem is ameliorated, 
the one-loop effect is less drastic and under control everywhere. 

It is interesting to investigate this one-loop backreaction effect with a supergravity 
analysis in the large k limit. In the asymptotic region, which will be the region of interest 
here, we expect on general grounds no drastic effects. In particular, no instabilities or 
time-dependence can arise, because the asymptotic spectrum has a mass gap. Hence, 
on general grounds one should still expect a manifold of solutions parametrized by the 
deformation parameters X±. To determine more concretely the precise effect of the one- 
loop contribution, we can use an action of the form 

5„B = -^ fd''xV^[e-'^[R + 4{d^f-^Fi)-^Gl + z] . (5.1) 
10 ^ 

The induced cosmological constant Z will be a function of the deformation parameters 
A±, since it comes from the one-loop correction to the non-supersymmetric solutions.0 
To capture the effect of the one-loop backreaction to leading order in gs oc e"*^/^ we will 
treat Z in what follows as a field independent quantity parameterized by the deformation 
parameters X±. A more involved treatment is needed at higher orders in g^. 

Solving the equations of motion that follow from (5.1) we find the one- loop corrected 
solution to the deformed background (3.12)-(3.14), 



ds^ = + \^(l^^9s^ ^^H + " 3Vk(/}Zgl 



+ 



1 + o ^ r-7f — - X+) ] Zg^ + [1 + -Zg^ — ^ cos 9 



4Vk 

+ k(^l + ^Zg^^ {d9^ + sin^ 9d(/)l + cos^ 9d(f>l) 
-1-2(1 + —Zg^] (A_|_ sin^ 9dxd(pi + A_ cos^ 9dxd(j)2) 



dx 

(5.2) 



with the Kalb-Ramond two-form field and g^ still given by (3.13), (3.14). 

As expected, we notice that this is a time-independent solution with a warping of the 
longitudinal world-volume part of the metric. By construction, the one-loop correction 
gives a finite shift to the tree-level solution that drops exponentially at the asymptotic 
infinity. 



We anticipate that Z(A-,A+) is an even function of A- and A+ because the solution is 
invariant under A_ —A- provided we also transform (f)2 —(f>2 (or alternatively A+ — A+ 
along with (f)i — </>!)• Moreover, we expect that Z is zero by supersymmetry when |A_| = |A+|. 
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6. More asymmetric deformations 

Up to this point we liave been discussing the properties of the asymmetric deformations 
(2.9) for the d = 6 case with Ai = SU{2) /U{1) in (1.2). A few possible extensions of this 
discussion follows. 

One possibility is to consider a more general deformation of the form 

X+.^, I d'z Of + A_;^. I d'z or , (6.1) 

where 

= dx^'dY ±dYdx'' , ^u, = 0, 1, ■ ■ ■ , 5 . (6.2) 

We do not expect new physics from these deformations, since they can be viewed as a 
combination of (2.9) and the 5*0(5, 1) Lorentz symmetry group of the theory. 

Various aspects of our discussion can be generalized easily to the other non-critical 
superstrings in (1.2) with dimensions (i = 2,4 and general compact manifolds Ai. In 
particular, the whole discussion of scaling dimensions in section 2 is universal and does 
not depend on the details of the theory. Eqs. (2.28) - (2.31) will always be true and 
our conclusions for the stability of the corresponding non-supersymmetric deformations 
will remain unaltered. Certain details of the DBI analysis are case specific, but the main 
conclusions about the agreement between bulk and boundary should of course remain 
unchanged. It is also possible to obtain rotating supergravity solutions similar to those 
of section 4 as long as we can take an appropriate supergravity limit in the non-critical 
superstring. 



A potentially more interesting case is the one analyzed recently in [14|, where (1.1) 
reads 

IR2.1 X X SU{2)k, X SU{2)k^ . (6.3) 
This theory, which appears in the near horizon geometry of ki and /c2 NS5-branes with 



a three dimensional intersection, exhibits a mass gap |]1J,0 and possesses a supergravity 
limit. 

Finally, in this paper we have explored the moduli space of asymmetric deformations 
(see figure 1) around the supersymmetric type II A and type IIB theories of references 
P,^. In a similar fashion, we may consider asymmetric deformations around any point 



in the moduli space presented in ||T^, including for example the type OA and type OB 
theories. The generic point in the overall moduli space is a non-supersymmetric theory 
with stability properties that depend crucially on the details of the theory. 
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7. Summary and interesting prospects 

Spacetime supersymmetry can be broken continuously in non-critical superstring theo- 
ries with appropriate current-current deformations on the worldsheet. The deformed theory 
exhibits a variety of interesting features: bulk or localized tachyons, a non-supersymmetric 
spectrum, time dependence, a tunable cosmo logical constant. In this paper we analyzed 
a set of asymmetric current-current deformations and showed that the lightest modes 
receive a non-negative mass squared shift, which precludes the generation of bulk or lo- 
calized tachyons. In a six dimensional example, we verified this effect at leading order in 
the deformation by analyzing the deformation on the dual low-energy SYM theory. For 
lowest Kaluza-Klein modes the leading order effect appears at second order and involves 
a non-chiral quadratic operator of the Higgs fields. 

As another consequence of the mass shifts, we found that the M = 2 Liouville in- 
teraction becomes irrelevant on the worldsheet. The exactly marginal interaction is time 
dependent and describes a configuration of rotating NS5-branes. We analyzed this effect 
in the supergravity limit and found a manifold of rotating supergravity solutions at weak 
Qs coupling. 

There is a number of interesting extensions of the results presented in this paper. 
First of all, it would be interesting to repeat the analysis of the d = M. = SU(2)/U{1) 
case for the type IIA case. The results of section 2 are similar for the type IIA case, but 
the details of holography are different. The type IIA low-energy holographic dual is the 
six-dimensional (0,2) SCFT and the strong coupling singularity of (2.1) is better studied 
in eleven dimensional M-theory. It would be interesting to verify certain statements about 
holography in this context. Another interesting direction is to study the effects of the 
asymmetric deformations in heterotic non-critical superstring theory (for recent work in 
this theory see [^). 

There is also a rich story of open string dynamics on spaces of the form 

(^^^^x>lVr- (7.1) 



D-branes on such spaces have been analyzed in a series of recent papers (see pS] and 
references therein) and are expected to play a key role in uncovering the inner workings 
of LST's and the corresponding holographic dualities. The dynamics of these branes are 
also interesting from the gauge theory point of view. In recent work P0| , p[] it has been 
verified explicitly that there are appropriate D-brane configurations on (7.1) that realize 
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gauge theories with minimal supersymmetry. For instance, one can obtain four-dimensional 
J\f = 1 SQCD with appropriate D-branes on 



1R3,i X ^ . (7.2) 



Further work on gauge theories in this general context can be found in 02 



It will be interesting to study the effect of the asymmetric deformations on D-branes 
on (7.1). This will give further information about the dynamics of the non-critical string on 
(7.1), and will, in particular, clarify how the breaking of supersymmetry in the bulk affects 
the dynamics of the gauge theory on the D-branes. For that purpose, it will be useful 
to obtain a better grasp on the exact CFT properties of the asymmetric deformations on 
(7.1) beyond the supergravity limit. 

Since we break supersymmetry in a well controlled stringy environment it is tempting 
to ask if there are any potential phenomenological applications of our work. Perhaps 
this could be achieved along the lines of ||4^] and would be worth investigating further. 
A related question, which is also interesting on its own, has to do with the higher-loop 
backreaction problem. As a starting point in this direction, we analyzed in section 5 the 
leading order effects of the one-loop cosmological constant on the tree-level deformed CHS 
solutions. In the asymptotic region, where the coupling constant goes continuously to zero 
we determined the exact, finite, time-independent shift of the one- loop contribution to 
the tree-level solutions. It would be interesting to go further and give a more complete 
treatment of the backreaction problem in this setting. 

Finally, it could be interesting to use similar techniques to further examine the thermo- 
dynamics of near-extremal NS5-brane backgrounds and their application to LST at finite 



temperature. It was recently shown in that, in the canonical ensemble, the usual near- 
extremal NS5-brane background is subdominant to a new stable phase of near-extremal 
M5-branes localized on a transverse circle, having a limiting temperature that lies above 
the Hagedorn temperature. It is conceivable that there are other stable phases that are 
relevant to the thermodynamic behavior of LST. 
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Appendix A. Summary of conventions 

In this appendix we summarize the basic conventions used in the main text. For k 
parallel NS5-branes wrapped on a circle the near horizon geometry takes the form 

H^'^ X X X SU{2)k . (A.l) 

The worldsheet theory on (A.l) comprises of six free scalars {/j, = 0,1, ■■■,5), six 
corresponding free real fermions if)^, one linear dilaton scalar (p with linear dilaton slope 
Q = 1/Vk (we set a' = 1), the corresponding free fermion i/j'^ and finally the supersymmet- 
ric SU{2) WZW model at level k. In the main text, we compactify the sixth direction and 
denote the corresponding boson and fermion as X and ifj^ respectively. The supersym- 
metric SU{2)k WZW model comprises of a bosonic SU{2)k-2 WZW model at level k — 2 
and three real free fermions X^- We denote the three (left-moving) SU{2) currents as 

It is convenient to bosonize the above fermions in the following manner 



V 2 V 2 



(A.2) 



and 



X* = e*^"^ . (A.3) 
We also define and bosonize the total Ki^°*^ current as 



^3 

.(tot) 



^{tot) ^ ^3 ^ ^+^- = ^3 ^ -Q^^ ^ iVkdY . (A.4) 

Notice that for A; = 2 the bosonic SU {2)k_2 WZW model becomes trivial and the boson 
H4 equals y/2Y. 
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The above theory has M = (4,4) worldsheet supersymmetry. The construction of 
the spacetime supercharges makes use of the U{l)n current of the M = (2,2) worldsheet 
supersymmetry, which in our case has the (left-moving) fermionic generators 

2 

G± = V2'^e^'^'dx' + Qx^K^+i{e^'^'{d(t)±idY)-Qde^'^^^ (A.5) 
and the U(1)r current 

J = -idH4. + i^i^s • (A.6) 
The three complex bosons a;* are defined as 

x^ = ^{x^ + x^), x^ ^ ^{x'^ + ix^) , x=^{X + ix'^). (A.7) 
y/2 \/2 V2 

Type IIB string theory on (A.l) exhibits sixteen supercharges in the 

(4, 2) + (4', 2') (A.8) 

representations of S'0(5, 1) x S0{4). The eight supercharges in (4, 2) arise from the 
left-moving sector of the string and the other eight supercharges in (4', 2') arise from 
the right-moving sector. In worldsheet terms these supercharges can be written as 

where Sa, are the spin fields 

Sa = eK^o-^o+^i^i+^^^^s) ^ ai = ±l , even number of -' s , (A.ll) 

and 

= g^cSoHo+aiHi+aa^s) ^ = ±1 , odd number of -' s . (A.12) 

From the five dimensional point of view the spacetime supercharges take the following 
form. Again, eight supercharges arise from the left-moving sector 



dz 
— : e 
27rz 



^-^{H2+H3-H4)+if{Ho-Hi) 



(A.13) 
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g 2' 2 

27rz 



(A.14) 

and eight more Q^^, Q\ [i = 1, 2) arise from the right-moving sector. In type IIB the latter 
are 

gl = / ^ g-| + ^(^2+H3-H4)+jf (Ho-Hi) ^ Ql ^ / g-|-|(H2+H3-i?4)-if (Ho+Hi) ^ 

" J 27ri ' " J 2Txi ' 

(A.15) 

" / 27rz ' " / 27rz 

(A.16) 

The indices ct, ct take the values ±. The reduction from six to five dimensions works as 
follows 



Appendix B. Summary of the Buscher rules 

For quick reference, we briefly recall here the Buscher rules of T-duality (see for 
instance ||28|| ). For a general background that has an isometry along the direction a;'', 



metric of the form (i, j, ... ^ 0) 

ds'^ = Goo{dx^f + 2Godx^dx' + 2Gijdx'dx^ (B.l) 

and S-field components Boi, Bij the T-duality transformation along x^ acts in the following 
manner 

^00 — -TT- ' ^oi — yr- ' ^ij — ^ij -Pi ' l^-^J 

<-^00 ^00 ^00 



^io = -PT- ' ^ij = ^ij t; ■ l^-^J 

The dilaton transforms as 



2 _ 2 detGnew /-pj ^\ 

9s,ne-w — fi's,old i . ^ • l-^-^J 

detGoid 
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